Increased expression of heme oxygenase-1 (HO-1) in response to physiological stress is considered to be a protective response, which may be altered with aging. In this study, HO-1 expression was assessed following heat stress by immunoblotting of liver homogenates and isolated hepatocytes from young (6 months) and old (24 months) Fischer 344 rats and by immunohistochemistry. Livers of old rats showed higher baseline levels of HO-1, which was predominately localized to Kupffer cells. After heat stress, young animals showed a greater relative increase in hepatic HO-1, part of which was caused by increased numbers of nonparenchymal cells that were immunoreactive to HO-1. Consistent with these data, HO-1 was signifi cantly upregulated after hyperthermia in vitro only in hepatocytes from young rats. Hence, aging alters stress-induced expression of HO-1 in a cellspecifi c manner, which may contribute to the diminished stress tolerance observed in older organisms.
T HE progressive biological alterations that accompany the aging process reduce an organism's ability to cope with physiological and pathological challenges. Aging alters the expression pattern of genes involved in metabolism, cellular signaling, and stress defense in multiple organs ( 1 , 2 ) , which likely contributes to an enhanced susceptibility to various insults. Indeed, previous studies from our laboratory have shown marked effects of both aging and hyperthermia on gene expression profi les within the liver ( 2 ) .
Heme oxygenase-1 (HO-1) is a potentially informative protein to study in the context of aging and physiological stress due to its exquisite sensitivity to stressors and to its protective role in cellular homeostasis ( 3 -7 ) . HO-1 catalyzes the degradation of heme into ferrous iron, biliverdin, and carbon monoxide. Because bilirubin [the reduced form of biliverdin ( 8 ) ] and carbon monoxide ( 9 ) in low concentrations have antioxidant and anti-infl ammatory properties, respectively, HO-1 is considered cytoprotective ( 10 ) . However, because HO-1 produces iron, it may also catalyze deleterious cellular reactions ( 11 ) . Thus, HO-1 can serve both pro-and antioxidative roles and it is of interest to study the regulation of HO-1 with aging, a condition in which stress defense is compromised.
With aging, there is a disruption of homeostasis as cellular redox balance is shifted toward a more pro-oxidative state. In addition to this basal increase in oxidative status, when challenged with environmental heat stress, old organisms show further elevations in reactive oxygen species as well as oxidative liver injury ( 12 ) . HO-1 is quite sensitive to changes in both temperature ( 6 ) and redox state ( 7 ); hence, both aging and heat stress likely affect hepatic HO-1 expression due to enhanced oxidative stress. Interestingly, investigators have observed both an upregulation ( 13 ) and a downregulation ( 14 ) of hepatic HO-1 messenger RNA with advanced age in rats. Studies have also shown that both HO-1 activity ( 15 ) and protein levels ( 16 ) increase in the liver with age; yet, the regulation of HO-1 protein after a physiologically relevant challenge has not been examined. We have shown that aging is associated with hepatic dysfunction after environmental heat stress that is manifested at tissue, cellular, and subcellular levels ( 17 -19 ) . Because hepatic HO-1 may protect against hyperthermia-induced alterations in homeostasis, and its expression is altered with aging, our goal was to compare the expression of HO-1 protein in young and old rats after heat stress.
When evaluating HO-1 protein expression in the liver, the heterogeneity of hepatic cells should be taken into consideration. Hepatic macrophages (Kupffer cells) constitutively express HO-1 under basal conditions ( 20 , 21 ) , which refl ects their prominent role in heme degradation from senescent erythrocytes. Although various stressors have been shown to induce HO-1 expression in hepatocytes, Kupffer cells are the sole hepatic cell type that demonstrates immunoreactivity for HO-1 in normal, unstressed rat liver ( 20 ) . Previous studies have reported an increase in HO-1 expression with aging ( 13 , 15 , 16 ) , but whether this increase refl ects alterations in the cell types that express HO-1 has not previously been addressed. Hence, the fi rst aim of this study was to characterize age-related changes in steady-state levels and immunolocalization of HO-1 protein in the liver. Although a difference in HO-1 protein induction between young and old animals has been observed with X-irradiation ( 22 ) , the effects of a physiologically relevant environmental stressor such as hyperthermia have not been investigated. Therefore, the second goal of this study was to characterize the pattern of hepatic HO-1 protein expression after environmental heat stress. Based on observations from our laboratory and others, we hypothesized that old rats would show higher steady-state levels of HO-1 protein than their younger counterparts. Because old rats typically show an altered response to stressors ( 2 , 23 ), we postulated that they would not upregulate HO-1 protein to the same extent as young rats after heat stress.
Methods

Animal Protocols
Young (6 months, 300 -400 g) and old (24 months, 325 -425 g) rats were obtained from the National Institute on Aging. Rats were housed in the University of Iowa animal care facility and maintained on a 12:12 hour light/ dark cycle. All animal protocols were approved by the institutional animal care and use committee.
Heat Stress Experiments
All rats were handled daily and familiarized with a colonic temperature probe during the week preceding the heat stress protocol. This two -heat stress protocol has been described in detail previously and is used as a physiologically relevant stress model that mimics conditions that elderly humans experience during repeated exposures to heat stress (eg, a heat wave) ( 17 , 18 ) . Briefl y, core temperature was increased from approximately 37°C to 41.0°C for 60 minutes and maintained at 41.0°C for an additional 30 minutes. After this period, rats were allowed to passively cool at room temperature. Twenty-four hours after the fi rst heat stress, animals underwent a second identical heat stress. Control animals underwent sham heatings and were euthanized at similar times as the heat stress groups. At designated times after the second heat stress, animals were euthanized with an overdose of pentobarbital sodium (80 mg/kg i.p.). Livers were collected and rinsed in phosphate-buffered saline (PBS) and then immediately frozen in liquid nitrogen or fi xed overnight in 10% neutral buffered formalin for subsequent analysis.
Primary Hepatocyte Experiments
In a second set of studies, primary hepatocytes were isolated from young and old rats according to Seglen's method as described previously ( 24 ) . Typical cell yields from both young and old rats were 5 × 10 6 cells per isolation and cell viability exceeded 90%. Cells were plated on cell culture dishes (10 6 cells per 100-mm dish or 1.2 × 10 5 cells per 35-mm dish) that were coated with type 1 collagen (BD Biosciences, San Jose, CA) and incubated in Hepatostim cell culture media (BD Biosciences). At these densities, cells were approximately 90% confl uent and formed a monolayer. Hepatocytes in culture were uniformly immunoreactive for albumin, and freshly isolated hepatocytes were negative for HO-1 as assessed by immunoblotting. These data indicate that the isolated cells were essentially pure hepatocytes. The medium was changed 3 hours after plating to remove nonadherent cells. On the morning after isolation (16 -20 hours after isolation), the medium was again changed and cells were incubated for 1 hour in a separate incubator maintained at 42°C. Cells were harvested at the indicated times after heat stress. The medium was removed and cells were rinsed with PBS, pelleted, and then frozen for immunoblot analysis. Separate dishes of cells (for each time point examined) from the same animal served as controls and were maintained at 37°C. This ex vivo system was used as a complementary approach to examine the effect of an acute stressor on HO-1 regulation in hepatocytes. To avoid the potential confounding effect of multiple heat stresses on cell viability, a single heat stress was used, and experiments were performed within a shorter time frame than the in vivo studies.
Immunoblotting
Portions of liver and primary hepatocytes were homogenized in lysis buffer (1% sodium dodecyl sulfate [SDS], 1.0 mM sodium orthovanadate, 10 mM tris, pH 7.4). Homogenates were centrifuged at 15,000 g , and aliquots of the supernatant were used for protein determination and SDS polyacrylamide gel electrophoresis. For whole-liver homogenates, 30 m g of protein per sample was loaded in each lane and 5 m g of protein was loaded for primary hepatocytes. Immunoblotting was performed as previously described ( 25 ) . To increase statistical power in the in vivo studies, samples from 2 hours after heat stress were pooled with additional samples from a previous study that used the 1.5-hour time point ( 25 ) ; HO-1 expression did not differ signifi cantly between these time points. The primary antibodies used were as follows: HO-1 (Assay Designs/Stressgen, Ann Arbor, MI) 1:1,000, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (AbCam, Cambridge, MA) 1:10,000, and b -actin (Sigma Aldrich, St Louis, MO) 1:10,000. Membranes were probed simultaneously for HO-1 and a loading control. GAPDH was a reliable loading control for in vivo samples, but we found it diffi cult to resolve GAPDH and HO-1 protein bands on ex vivo samples. It is likely that the high magnitude of HO-1 expression ex vivo contributed to this observation. Therefore, we used b -actin as a loading control in ex vivo samples. Immunoblotting was performed in duplicate for all samples, and one sample that was positive for HO-1 was used in each determination to allow for comparison between gels. Protein bands were quantifi ed with Gel Pro Analyzer software (Media Cybernetics Inc., Bethesda, MD ). Expression of HO-1 protein was normalized to GAPDH in the in vivo studies and to b -actin in the ex vivo experiments.
Immunohistochemistry
After fi xation, liver sections were dehydrated through increasing grades of ethanol and xylenes, and then embedded in paraffi n. Sections (4 m m) were cut from paraffi n blocks and affi xed to glass slides. Slides were deparaffi nized with xylene and rehydrated through a graded series of ethanol solutions and rinsed in water. Endogenous peroxidase activity was blocked with a 15-minute incubation in 3% hydrogen peroxide. Slides were washed with water, then placed in citrate buffer (1.8 mM citric acid monohydrate, 8.2 mM trisodium citrate dihydrate, pH 6.0), and subjected to antigen retrieval in a pressure cooker. Slides were rinsed and then nonspecifi c protein binding was blocked by a 40-minute incubation in blocking buffer (1% bovine serum albumin, 10% normal horse serum, and 0.1% tween in PBS). Sections were incubated with a primary antibody against HO-1 (1:200) in blocking solution overnight at 4°C, followed by washing in PBS and incubation for a second time in blocking solution for 20 minutes. Sections were then incubated for 30 minutes at room temperature with a biotin-conjugated, horse antimouse antibody at a 1:250 dilution in blocking buffer, then rinsed with PBS, and incubated with avidin-biotin complex (Vector Laboratories, Burlingame, CA) for 30 minutes. Sections were then incubated with diaminobenzidine (Vector Laboratories) to develop the signal. A negative control was carried out on each slide by omitting the primary antibody.
Microscopy
Cell counts were performed on micrographs obtained in two discrete regions of the liver lobule: the area around the portal triad, which consists of the portal vein, hepatic artery, and bile duct (periportal region), and the area surrounding the terminal hepatic venule (perivenous region). The number of nonparenchymal cells positive for HO-1 (herein designated HO-1 + cells) was counted by a blinded observer in three 40× fi elds (88, 400-m m 2 area) per animal in each liver region. Results are expressed as the number of HO-1 + cells per fi eld.
Statistics
Results were analyzed with analysis of variance (SPSS software; SPSS Inc, Chicago, IL), and where appropriate, a Bonferroni adjustment was performed on individual p values to adjust for multiple comparisons. An adjusted p value less than .05 was considered signifi cant for the pair-wise comparisons.
Results
Under nonstressed conditions, hepatic HO-1 protein expression was barely detectable by immunoblot in young rat livers. Compared with young rats, levels of HO-1 in the livers of nonstressed old rats were elevated twofold ( Figure 1 ). Both young and old rats demonstrated a robust increase in HO-1 protein at an early time point after hyperthermia ( Figure 1A and B ) . However, when compared with the basal level of expression in their respective age groups, young rats showed a greater than fi vefold increase in HO-1 protein after heat stress, whereas old animals showed only a twofold increase ( Figure 1C ) . By 24 hours after heat stress, HO-1 protein had returned to nonstressed levels in both age groups and remained higher in the old animals compared with the young animals.
Under basal conditions in both young and old rat livers, HO-1 immunoreactivity was confi ned to nonparenchymal cells located along the hepatic sinusoids whose morphological appearance was consistent with Kupffer cells ( Figures 2 and 3 ) . In both young and old rats, HO-1 + cells were more abundant in the periportal zones than in the perivenous regions ( Figures 2 and 3 ). In agreement with the immunoblotting results showing increased HO-1 protein levels in old rat livers, aging was associated with a large and signifi cant increase in HO-1 + Kupffer cells under control conditions in both liver zones ( Figures 2 and 3 ). There were approximately 60% more HO-1 + Kupffer cells in the periportal regions and nearly 100% more in the perivenous regions in the livers of old rats compared with young rats. At 2 hours after heating, young rats showed a modest increase (approximately 30%) in HO-1 + Kupffer cells in the periportal regions ( Figure 2 ) . A similar trend was observed in the perivenous regions in young rats but did not reach statistical signifi cance ( p = .15; Figure 3 ). At 24 hours after heat stress, numbers of HO-1 + Kupffer cells were not statistically different than in the control condition. In old rats, heat stress did not affect the number of HO-1 + nonparenchymal cells at any time point.
In contrast to the nonstressed livers, HO-1 + hepatocytes were observed following heat stress in both age groups. For this reason and because age-related and hyperthermiainduced changes in hepatic HO-1 protein levels could not be accounted for solely by an increase in the number of HO-1 + nonparenchymal cells in either the young or old animals, we assessed the effects of heat stress on HO-1 expression in isolated primary hepatocytes ( Figure 4 ) . To preserve the viability of hepatocytes, experiments were performed during a shorter time period and only one heat stress was used. High basal levels of HO-1 protein expression were observed in cells from both young and old rats, likely resulting from the stress of the isolation procedure ( 26 ) . Nonetheless, hyperthermia further elevated HO-1 protein in hepatocytes from young rats. This increase was evident immediately after heating and was sustained for at least 3 hours. At 24 hours after heat stress, HO-1 protein levels did not differ from those in the nonstressed condition. In contrast, although hepatocytes from old rats showed a small increase in HO-1 immediately after heat stress, this was of lesser magnitude than that in the cells from young rats and did not reach statistical signifi cance.
Discussion
The crucial role of HO-1 in cellular protection ( 3 -5 ) emphasizes the importance of understanding its regulation in models of physiological stress in vivo. In this study, we show novel effects of age and physiological stress on hepatic HO-1 protein expression and localization. Specifi cally, we show that although hepatic HO-1 protein is signifi cantly elevated with age, upregulation of HO-1 expression by hepatocytes in response to stress is attenuated in old rats. Furthermore, we found that the basal increase in hepatic HO-1 
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in old animals is largely attributable to greater numbers of HO-1 + Kupffer cells in those livers. In contrast, the robust increase in HO-1 protein following heat stress in young rats was accompanied by only a modest increment in the number of HO-1 + Kupffer cells, suggesting a proportionately greater enhancement of HO-1 expression by hepatocytes. This interpretation is supported by the fi nding that isolated hepatocytes from young rats demonstrated a much greater increase in HO-1 expression following heat stress ex vivo. Taken together, our data point to the potential importance of differential expression of HO-1 by specifi c cell populations in response to physiological stressors.
Increased expression of HO-1 following exposure to a stress is usually considered to serve a protective function. Thus, the differences in HO-1 expression between young and old rats observed in the current study are intriguing. Previous work from our laboratory has demonstrated that young rats cope with hyperthermia better than old rats and that old rats show higher levels of oxidative damage following heat stress, particularly in hepatocytes ( 18 , 19 ) . Thus, it is tempting to speculate that the baseline increase in HO-1 in the old rat livers, which is confi ned to Kupffer cells, does not contribute substantially to protection of the liver against heat-related damage. This situation differs from that of young rat livers, in which heat stress effi ciently upregulates HO-1 in hepatocytes, where it can protect this critical cellular component. A more thorough time-course evaluation of HO-1 protein expression after heat stress will be important to fully characterize HO-1 kinetics and how this response might affect hepatic redox balance.
Results from the present study clearly show that the increase in HO-1 expression with aging can be explained by age-associated changes in the cellular composition of the liver. As reported in other laboratories, hepatic HO-1 protein is restricted to Kupffer cells under nonstressed conditions ( 20 , 21 ) . Here we show that HO-1 + nonparenchymal cells increase with age, suggesting an increase in Kupffer cell numbers in livers from old rats. These data are consistent with the recent report by Hilmer and colleagues ( 27 ) , which found a threefold increase in Kupffer cells in 24-month-old rats compared with 6-month-old rats. This increase in Kupffer cell number may be due to gradual infi ltration of monocytes or in situ division of resident macrophages ( 28 ) . To the extent that the greater abundance of HO-1 in old rat livers under basal conditions primarily refl ects changes in Kupffer cell numbers, the increase in HO-1 may paradoxically indicate a greater susceptibility to liver injury because Kupffer cells play prominent roles in infl ammation and oxidative stress ( 29 ) .
Numbers of HO-1 + periportal Kupffer cells increased in the young animals following heat stress, which is a unique observation that merits further investigation. It is noteworthy that HO-1-positive cells tended to increase in the perivenous region as well. Although the change in nonparenchymal cell number appears to be a small proportion of the total increase in HO-1, it highlights a novel physiological response to heat stress. Possible explanations for this observation include either in situ cell division after stress or monocyte infi ltration. The possibility of monocyte infi ltration is particularly intriguing and has experimental support in other models ( 30 , 31 ) . After liver transplant, there is an increase in cells that are both are HO-1 and ED1 positive in the isograft ( 31 ) . The ED1 antigen identifi es cells of the monocyte lineage ( 32 ); thus, an increase in this cell type likely refl ects monocyte infi ltration. It is also known that monocytes express HO-1 ( 33 ) and that they home to sites of tissue injury ( 31 ) . Because branches of the hepatic artery make up the periportal zone, monocytes would be expected to take up residence in this region. Indeed, Baier and colleagues ( 30 ) have shown that ED2 (a marker of mature tissue macrophages) increases in the periportal region within 2 hours after the induction of sepsis. In that study, the authors speculated that the increase in ED2 + cells was due to infi ltration rather than cellular proliferation because Ki-67 + (a marker of proliferation) cells increased at later time points ( 30 ) . Because we assessed cell numbers approximately 50 hours after the fi rst heat stress, we cannot rule out cellular division; therefore, future studies should examine time points after the fi rst heat stress to determine whether the increase in cell numbers is due to infi ltration or cellular division. Studies that more thoroughly evaluate the regulation of monocytes after heat stress using specifi c markers of this cell type will be important approaches for future investigations. Hence, young animals show a robust response to heat stress that may involve infi ltration of monocytes.
In addition to heat stress, the process of hepatocyte isolation and culture itself can be viewed as a stressor because it resulted in a striking upregulation of HO-1 protein. This observation might be explained by the fi ndings that hepatocyte isolation results in the activation of the immediate early transcription factor, AP-1 ( 26 ) , and the HO-1 promoter region contains an AP-1-binding site ( 34 ) . In the ex vivo studies, we observed that hepatocyte HO-1 is highly sensitive not only to changes in ambient temperature but also to other perturbations that challenge cellular homeostasis. Despite the higher baseline levels of HO-1 ex vivo, HO-1 was upregulated in hepatocytes from young rats at early time points after heat stress and declined to nonstressed levels after 24 hours. Notably, this pattern of HO-1 expression over time parallels the trends that were observed in vivo. In hepatocytes from old rats, levels of HO-1 tended to be higher immediately after heat stress and declined at later time points. Although they are different experimental systems, our ex vivo results support the in vivo observations showing that young animals have a more robust response to stressors than their older counterparts.
Delineating the role of HO-1 in this model will be an important area for future investigation and will require manipulation of HO-1 protein to determine under what circumstances and in which cell type its upregulation is protective after heat stress. In this study, we show clear differences in HO-1 protein expression that occur with the aging process and after heat stress. The altered regulation of HO-1 between young and old rats after heat stress observed in the present study suggest the possibility that HO-1 has different roles after heat stress in each age group. Overall, our results highlight age-associated modifi cations in the hepatic response to heat stress and suggest that changes in the cellular composition of the liver with aging contributes to the alteration in HO-1 protein expression.
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